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Description 



METHOD OF OPERATING A HYBRID 
ELECTRIC VEHICLE TO REDUCE 
EMISSIONS 

Cross Reference to Related Applications 

[0001] This application is a division of U.S. application Serial No. 
09/645,950 filed August 25, 2000. 
Background of Invention 

[0002] 1. Field of the Invention 

[0003] jhis invention relates to a method of operating a hybrid 
electric vehicle to reduce tailpipe emissions and more 
particularly, to a method of operating a hybrid electric ve- 
hicle which utilizes the vehicle's electric motor/generator 
to reduce emissions during cold-start and transient con- 
ditions. 

[0004] 2. Background Art 

[0005] Conventional vehicles having internal combustion engines 
utilize a three-way-catalyst ("TWC") to reduce tailpipe 



emissions. Particularly, the TWC catalytically reduces ni- 
trogen oxides (NOx) and oxidizes carbon monoxide ("CO") 
and unburned hydrocarbons ("HC") which are produced 
during the combustion process. The TWC has a very high 
conversion efficiency once the catalyst has "warmed up" 
and the air-fuel ratio of the mixture is near its stoichio- 
metric point. An example of the conversion efficiency of a 
typical catalytic converter over time is shown in graph 100 
of Figure 5. 

[0006] | n conventional vehicles, more than fifty percent (50%) of 
the HC and CO emissions are generated in the first sixty 
seconds of a standard emissions test cycle (e.g., the 
EPA75 test cycle), and more than twenty five percent (25%) 
of the NOx emissions are generated during that time. An 
example of the tailpipe emissions of a vehicle during a 
standard emissions test is shown in graph 110 of Figure 
6. The point in time at which the catalytic converter 
reaches a fifty percent (50%) efficiency is commonly re- 
ferred to as its "light-off time. Due to the relatively poor 
efficiency of the catalytic converter prior to "light-off, re- 
cent efforts to reduce tailpipe emissions have concen- 
trated on reducing the "light-off time, thereby reducing 
the time during which the catalytic converter is least effi- 



cient. These prior efforts have also included concomitantly 
altering the air-fuel ratio and/or retarding the spark cali- 
bration of the engine. 

[0007] These prior efforts have suffered from some drawbacks. 
Particularly, the difficulty in controlling the combustion 
stability of the engine and the operating load of the en- 
gine as it warms up severely limits these prior strategies. 
Moreover, although significant fractions of the emissions 
are produced during "cold start" type conditions (e.g., 
during the first sixty seconds of vehicle operation), peri- 
ods when engine operating loads are changing rapidly or 
"transient events" also produce a significant portion of the 
emissions, specifically NOx emissions (see e.g., Figure 6). 
Hence, these methods which concentrate on cold-start 
type operating conditions do not adequately address or 
improve emissions during transient events once the vehi- 
cle has warmed up. 

[0008] Hybrid electric vehicles have been designed and manufac- 
tured for the purpose of improving fuel economy and 
emissions. Particularly, hybrid electric vehicles utilize both 
an internal combustion engine and one or more electric 
motors to generate power and torque. The electric mo- 
tors) within a hybrid electric vehicle provides the vehicle 



with additional degrees of freedom in delivering power 
and torque. While hybrid electric vehicles significantly re- 
duce emissions, the foregoing emissions reducing strate- 
gies are not well-suited for use with hybrid electric vehi- 
cles. Particularly, the foregoing emissions reducing strate- 
gies do not maximize and/or utilize the flexibility of hy- 
brid electric vehicles to utilize both an electric motor and 
an internal combustion engine to provide power and 
torque. 

[0009] There is therefore a need for a method of operating a hy- 
brid electric vehicle to reduce emissions which overcomes 
the drawbacks of prior emissions reducing methods, 
strategies and systems. 
Summary of Invention 

[0010] it is a first object of the invention to provide a method of 
operating a hybrid electric vehicle to reduce emissions 
which overcomes at least some of the previously delin- 
eated drawbacks of prior emissions reducing methods and 
strategies. 

[° 01 1 ] It is a second object of the invention to provide a method 
of operating a hybrid electric vehicle which utilizes the ve- 
hicle's motor/generator to selectively increase and reduce 
the power output of the internal combustion engine to re- 



duce emissions. 

[0012] it j S a third object of the invention to provide a method of 
operating a hybrid electric vehicle to reduce emissions 
which utilizes the vehicle's electric motor/generator to re- 
duce the light-off time of the catalytic converter. 

[0013] it is a fourth object of the invention to provide a method 
of operating a hybrid electric vehicle which reduces emis- 
sions by utilizing the vehicle's motor to reduce the load 
changes experienced by the vehicle's internal combustion 
engine during transient events. 

[0014] According to a first aspect of the present invention, a 
method is provided for reducing emissions of a hybrid 
electric vehicle of the type having a drive train, an electric 
machine which selectively provides torque to the drive 
train, an engine which selectively provides torque to the 
drive train and which operates at a certain power output, 
and a catalytic converter which receives exhaust gas from 
the engine and which operates at a certain efficiency 
based upon temperature. The method includes the steps 
of detecting a cold-start condition; and selectively provid- 
ing a negative torque to the drive train during the cold- 
start condition by use of the electric machine, the nega- 
tive torque being effective to increase the power output of 



the engine and the temperature of the catalytic converter, 
thereby increasing the efficiency of the catalytic converter 
and reducing emissions. 

[0015] According to a second aspect of the present invention, a 
method is provided for reducing emissions of a hybrid 
electric vehicle of the type having a drive train, an electric 
machine which selectively provides torque to the drive 
train, an engine which selectively provides torque to the 
drive train and which operates at a certain power output, 
and a catalytic converter which receives exhaust gas from 
the engine. The method includes the steps of detecting a 
transient event; and selectively providing a positive torque 
to the drive train by use of the electric machine, the posi- 
tive torque being effective to supplement the torque pro- 
vided by the engine and lower the certain power output, 
thereby lowering exhaust mass flow through the catalytic 
converter and reducing emissions. 

[0016] These and other features, aspects, and advantages of the 
invention will become apparent by reading the following 
specification and by reference to the following drawings. 
Brief Description of Drawings 



[0017] Figure 1 is a block diagram of a hybrid electric vehicle 
which employs an emissions reducing strategy which is 



performed in accordance with the teachings of a preferred 
embodiment of the present invention. 

[0018] Figure 2 is a block diagram illustrating a method of oper- 
ating the hybrid electric vehicle shown in Figure 1 in a 
manner which reduces exhaust emissions and which is 
performed in accordance with the teachings of the pre- 
ferred embodiment of the present invention. 

[0019] Figures 3a and 3b are graphs illustrating the improved 
exhaust gas emission performance for cold start condi- 
tions which is achieved by the preferred method shown in 
Figure 2. 

[0020] Figure 4 is a graph illustrating the improved hydrocarbon 
emissions achieved by the method shown in Figure 2 for 
varying degrees of spark retardation. 

[0021] Figure 5 is a graph illustrating the catalytic converter effi- 
ciency of a conventional vehicle during a standard emis- 
sions test. 

[0022] Figure 6 is a graph illustrating the percentage of tailpipe 
emissions for a conventional vehicle during a standard 
emissions test. 
Detailed Description 

[0023] Referring now to Figure 1, there is shown an automotive 
hybrid electric vehicle ("HEV") 10 which utilizes a method 



or strategy for reducing emissions which is performed in 
accordance with the teachings of the preferred embodi- 
ment of the present invention. Vehicle 10 includes an 
electric machine or motor/generator 12, which is opera- 
tively coupled to a conventional electrical energy storage 
device 14 (e.g., a battery, fuel cell or other electrical en- 
ergy storage device), and an internal combustion engine 
16. Motor/generator 12 and engine 16 are each selec- 
tively and operatively coupled to the vehicle's driveline or 
drive train 18 (e.g., to the drive shaft(s) of the vehicle) and 
cooperatively deliver power and torque to the drive train 
18, thereby powering the vehicle 10. A control system or 
controller 20 is electrically and communicatively coupled 
to motor 12, engine 16, conventional user or driver oper- 
ated controls or components 22, and conventional vehicle 
operating condition sensors 24. Controller 20 receives 
signals and/or commands generated by controls 22 and 
sensors 24, and processes and utilizes the received sig- 
nals to determine the amount of torque which is to be 
provided to the vehicle's drive train 18 and to selectively 
cause motor/generator 12 and engine 16 to cooperatively 
provide the desired torque to the drive train 18. 
[0024] | n the preferred embodiment of the invention, electric 



machine 12 is a conventional electric motor/generator 
unit which is adapted for use in a hybrid electric vehicle. 
Electric motor/generator 12 is operatively coupled to the 
drive shaft (not shown) of the vehicle 10 in a known and 
conventional manner. In alternate embodiments, motor/ 
generator 12 is operatively and conventionally coupled to 
other portions of the drive train or drive line 18 of the ve- 
hicle 10 (e.g., to one or more of the axles or differential 
gear units of vehicle 10), and to other mechanical compo- 
nents of vehicle 10. In other alternate embodiments, mo- 
tor/generator 12 may comprise several communicatively 
coupled motors and/or generators. Motor/generator 12 
selectively provides torque to the drive shaft or drive train 
18 of vehicle 10, thereby selectively powering vehicle 10. 
Importantly, motor/generator 12 is further operatively 
coupled to the engine 16 in a conventional manner (e.g., 
to the output shaft of the engine 16 by use of a planetary 
gear set) which allows motor/generator 12 to be selec- 
tively coupled to the engine 16 without transferring power 
to the drive train 18. Electric motor/generator 12 also 
functions as a generator to convert drive train energy or 
engine-produced energy into electrical energy which is 
used to electrically power various electrical components of 



vehicle 10. Particularly, motor/generator 12 may perform 
a "regenerative braking" type function, in which motor/ 
generator 12 selectively applies a negative torque to the 
drive train 18 and/or to the output shaft of engine 16, 
thereby converting the vehicle's and/or engine's kinetic 
energy into electrical energy. Electrical charge storage de- 
vice 14 supplies power to motor/generator 12 and can 
further be used to recover and store electrical energy dur- 
ing regenerative events. While the following description is 
made with reference to the motor/generator 12, it should 
be appreciated that other types of electric machines or 
motor/generators may be used in combination with the 
engine 16 to deliver torque to the drive train 18 and to 
reduce the emissions of vehicle 10. 
[0025] | n alternate embodiments, motor/generator 12 may com- 
prise a pair of motor/generators arranged in a conven- 
tional "dual-split" or "power-split" type hybrid configura- 
tion. Particularly, in such alternate embodiments, the en- 
gine (e.g., engine 16) and the pair of motor/generators 
are interconnected by use of a conventional planetary gear 
set or system, which is operatively coupled to and trans- 
fers torque and power to the vehicle's drive train 18 (e.g., 
to the vehicle's drive shaft). 



[0026] Engine 16 is a conventional multi-cylinder internal com- 
bustion engine which may include several cylinders (e.g., 
four, six, eight, or more cylinders). Engine 16 is opera- 
tively coupled to drive train 18 and selectively delivers 
torque and power to drive train 18 in a known and con- 
ventional manner. Engine 16 is coupled to a conventional 
exhaust line or system 26 which includes a conventional 
catalytic converter 28. Exhaust system 26 transfers and/or 
communicates the burnt exhaust gasses resulting from 
the internal combustion of engine 16 through catalytic 
converter 28, which treats the exhaust gasses and re- 
moves undesirable emissions before the gasses are dis- 
charged into the atmosphere through tailpipe or exhaust 
conduit 30. 

[0027] | n t he preferred embodiment, controller 20 includes sev- 
eral microprocessors or microcontrollers as well as other 
chips and integrated circuits which cooperatively control 
the operation of vehicle 10. Controller 20 may comprise 
one or more commercially available, conventional, and 
disparate chips or devices, which are operatively and 
communicatively linked in a cooperative manner. Con- 
troller 20 includes permanent and temporary memory 
units, which are adapted to and do store at least a portion 



of the operating software which directs the operation of 
controller 20. Particularly, controller 20 includes conven- 
tional software, hardware and/or firmware of the type 
which is used to control an HEV motor/generator, and of 
the type which is used to provide control to an internal 
combustion engine. As described more fully and com- 
pletely below, controller 20 is effective to determine the 
total amount of torque which is to be provided or deliv- 
ered to drive train 18 by motor 12 and engine 16, and/or 
the amount of torque which is to be provided or delivered 
to engine 16 by motor/generator 12. Controller 20 is fur- 
ther adapted to selectively alter the spark timing and fuel 
metering (i.e., the air-fuel ratio) of engine 16. 
[0028] Driver operated controls 22 comprise a plurality of con- 
ventional and commercially available switches, devices 
and other components which accept user or driver se- 
lected inputs, thereby allowing the user or driver to oper- 
ate vehicle 10. Controls 22 provide commands and/or op- 
erating data to controller 20 which utilizes these com- 
mands or data to determine the amount of torque which is 
to be delivered by vehicle 10 and to selectively cause mo- 
tor 12 and engine 16 to cooperatively provide the desired 
torque. 



[0029] Sensors 24 comprise a plurality of conventional and com- 
mercially available sensors which measure and/or acquire 
information pertaining to the motor 12, electrical charge 
storage device 14, engine 16 and vehicle 10 (e.g., vehicle 
operating condition data). In the preferred embodiment of 
the invention, sensors 24 include one or more conven- 
tional vehicle and/or engine speed sensors and one or 
more sensors adapted to estimate and/or determine the 
speed and/or load of engine 16, the temperature of en- 
gine 16 and/or catalytic converter 28, how long the en- 
gine 16 has been operating, whether the engine 16 is in a 
"cold start" type condition, whether the engine 16 is ex- 
periencing transient type events. Sensors 24 generate one 
or more signals to controller 18 based upon these mea- 
sured and/or estimated values. Particularly, sensors 24 
provide vehicle operating data to control system 18 which 
utilizes this data to determine the amount of torque which 
is to be delivered to drive train 18 and/or engine 16. 

[0030] Referring now to Figure 2, there is shown a preferred em- 
bodiment of a method 40 for reducing the emissions of 
hybrid electric vehicle 10. Method 40 begins with step 42, 
where controller 20 receives commands, data, and/or sig- 
nals from driver operated controls 22 and from vehicle 



sensors 24. Based upon this received data, controller 20 
detects whether a "cold-start" condition exists, as shown 
in step 44. Particularly, controller 20 will detect a cold- 
start condition if engine 16 has just been started and/or 
has a relatively cold temperature (e.g., when the sensed 
temperature of engine 16 falls below a certain predeter- 
mined threshold value). 
[0031] upon detecting a cold-start condition, controller 20 pro- 
ceeds to step 46, where the controller 20 sends a signal 
to motor/generator 12 to provide a negative torque to en- 
gine 16. Controller 20 causes motor/generator 12 to act 
as a generator and provide a "regenerative" or negative 
torque to the engine 16 and/or to drive train 18, thereby 
increasing the load on engine 16. The electrical energy 
produced by this "regenerative" torque is supplied to bat- 
tery 14. In one alternate embodiment, controller 20 first 
verifies that battery 14 is not fully charged prior to com- 
manding motor/generator 12 to produce the regenerative 
torque. The precise value of the negative torque provided 
by motor/generator 12 may be varied in a conventional 
manner and may be based upon the temperature of the 
engine 16 and/or catalytic converter 28, the size and 
torque output of the engine 16, and other vehicle specific 



attributes or characteristics. 

[0032] a s shown in step 48, the negative torque produced by 

motor/generator 12 causes the power output and load of 
engine 16 to increase to meet the vehicle's torque de- 
mands. As the engine output and load increase, the "heat 
flux" transferred to the catalytic converter 28 is concomi- 
tantly increased. As used herein, the term "heat flux" rep- 
resents the exhaust mass flow rate multiplied by the ex- 
haust gas thermal energy. This intentional or "artificial" 
increase in the engine load created by the negative torque 
of motor/generator 12 and in the exhaust gas heat flux 
rapidly heats the catalyst, thereby providing a reduced 
"light-off" time for the catalyst and a corresponding de- 
crease in total exhaust emissions. 

[0033] The reduced emissions and catalyst "light-off" time pro- 
vided by the present method 40 are illustrated in graphs 
70 and 80 of Figures 3a and 3b. Graph 70 of Figure 3a il- 
lustrates non-limiting examples of the hydrocarbon ("HC") 
emissions of a vehicle employing the foregoing method. 
Graph 70 includes a curve 72 representing the HC emis- 
sions over time when the negative torque power output of 
motor/generator 12 is approximately one kilowatt; and a 
curve 74 representing the HC emissions over time when 



the negative torque power output of motor/generator 12 
is approximately five kilowatts. Graph 80 of Figure 3b il- 
lustrates non-limiting examples of the catalyst efficiency 
and temperature which is achieved using the foregoing 
method. Graph 80 includes curves 82 and 84, which re- 
spectively represent the catalyst efficiency and catalyst 
temperature over time when the negative torque power 
output of motor/generator 12 is approximately one kilo- 
watt; and curves 86 and 88, which respectively represent 
the catalyst efficiency and catalyst temperature over time 
when the negative torque power output of motor/gen- 
erator 12 is approximately five kilowatts. As shown, cata- 
lyst "light-off" and a relatively high catalyst efficiency can 
be reached relatively quickly by use of the negative torque 
provided by motor/generator 12. 
[0034] a s the load and power output of engine 16 is increased, 
controller 20 causes a relatively lean air-fuel ratio to be 
provided to engine 16, as shown in step 50. This relatively 
lean air-fuel ratio compensates for the increase in mass 
flow to the catalytic converter by reducing the HC concen- 
tration of the engine exhaust gasses, thereby reducing the 
potential for harmful emissions while the catalytic con- 
verter 28 is operating at a relatively low efficiency. In the 



preferred embodiment of the invention, controller 20 also 
alters the spark timing of engine 16 during the cold-start 
period. 

[0035] Particularly, controller 20 retards the spark timing of the 
engine to further reduce emissions during the cold-start 
period. In one non-limiting embodiment, controller 20 re- 
tards the spark timing in the range of approximately 10 
degrees away from top-dead-center to approximately 30 
degrees away from top-dead-center. It should be appre- 
ciated that the artificially increased engine load provided 
by the present strategy 40 allows the spark timing of en- 
gine 16 to be retarded to a greater degree relative to prior 
emission reduction strategies. Particularly, the increased 
engine load substantially reduces the occurrence of en- 
gine and/or combustion instability which may accompany 
relatively high degrees of spark retardation. Examples of 
various spark calibrations and the resulting cumulative HC 
emissions for a vehicle employing the present strategy 
during cold start idle loads are illustrated in graph 90 of 
Figure 4. 

[0036] Controller 20 continues to monitor the temperature of the 
engine 16 and catalytic converter 28 throughout the cold- 
start period (e.g., by use of sensors 24). In step 54, once 



the temperature of the engine 16 or the catalytic con- 
verter 28 exceed a predetermined threshold value, con- 
troller 20 generates command signals to motor/generator 
12 and engine 16, effective to respectively terminate the 
negative torque provided by motor/generator 12 and the 
retarded spark calibration of engine 16. The predeter- 
mined threshold temperature value corresponds to the 
temperature that the catalytic converter 28 begins to op- 
erate at a certain calibratable efficiency percentage, and 
may be based on the specific type of catalyst used within 
catalytic converter 28. In one non-limiting embodiment 
the calibratable efficiency percentage is ninety percent 
(90%). 

[0037] Controller 20 continues to monitor the vehicle's operating 
conditions for transient torque and/or speed events. In 
step 56, controller 56 detects any such events by moni- 
toring controls 20 and sensors 24. In the preferred em- 
bodiment of the invention, controller 20 is able to detect a 
significant transient event by monitoring the load of en- 
gine 16 and if the demanded and/or generated engine 
load varies by more than a predetermined threshold value 
within a predetermined period of time, controller 20 de- 
termines that a significant transient event has occurred. 



The amount of the predetermined load variance and time 
period thresholds may be based upon the particular size 
and type of engine used. Controller 20 may also detect 
other types of engine operating conditions or events 
which produce significant amounts of emissions. In one 
non-limiting embodiment, controller 20 monitors the 
temperature of the catalyst for a range of temperatures 
which correspond to significant HC and CO emissions. 
This range of temperatures typically occurs after the cata- 
lyst efficiency has reached approximately fifty percent 
(50%), but before maximum efficiency is attained. 
[0038] upon detection of a transient event, controller 20 pro- 
ceeds to step 58 and uses the motor/generator 12 to pro- 
vide a positive torque to the drive train 18, thereby aug- 
menting the torque provided by engine 16 and reducing 
the load on engine 16. Particularly, when a transient event 
is detected (e.g., when the demanded engine load exceeds 
the predetermined threshold), controller 20 communicates 
a signal to motor/generator 12 effective to cause motor/ 
generator 12 to provide a positive torque to the drive train 
18. This positive torque augments the torque provided by 
engine 16, thereby reducing the load on engine 16 and 
the resulting mass flow so that fewer emissions pass 



through the catalyst untreated. Additionally, this positive 
torque allows the air-fuel ratio to be held much closer to 
an ideal value during the transient events so that the cat- 
alyst is substantially at its best operating condition be- 
cause the fuel metering control is not required to match 
as large of air mass charges. In the preferred embodi- 
ment, controller 20 gradually lowers the torque supplied 
by the motor/generator 12, effective to slowly increase 
the power demand of the engine 16, thereby allowing the 
air-fuel ratio to be maintained much closer to stoichio- 
metric proportions. Controller 20 commands a slower 
changing engine power level by using motor/generator 
12, which has a relatively fast response, to supply the de- 
manded power that is in excess of the engine-produced 
power. The electrical energy used to augment the engine- 
produced torque is supplied to battery 14, in part, during 
the initial cold-start period, where motor/generator 12 is 
in regenerative mode. 
[0039] | n one non-limiting embodiment, when a transient event 
is detected, controller 20 partitions or allocates the re- 
quested torque between motor/generator 12 (i.e., the 
motor-produced torque) and engine 16 (i.e., the engine- 
produced torque) based upon the value of the transient 



torque demand. In the preferred embodiment, controller 
20 begins by allocating the majority of the transient 
torque demand to motor/generator 12. Controller 20 then 
slowly raises the engine-produced torque while concomi- 
tantly lowering the motor-produced torque. This greatly 
reduces the amount of untreated emissions discharged 
during transient events, and also provides a smoother and 
more responsive performance. Controller 20 may perform 
similar strategies during other significant emissions-pro- 
ducing events, such as during the period of time after the 
catalyst efficiency has reached fifty percent (50%), but be- 
fore the catalyst has reached maximum efficiency. Once 
controller 20 has reduced the supplemental motor- 
produced torque to about zero, as shown in step 60, the 
emissions reducing strategy 40 ends. Controller 20 will 
repeat steps 56 - 60 upon detection of another transient 
event. 

[0040] it should be understood that Applicant's invention is not 
limited to the exact method 40 which has been described 
herein, but that various changes and/or modifications 
may be made without departing from the spirit and/or the 
scope of Applicant's invention. For example and without 
limitation, method 40 may include different or additional 



steps and may perform the disclosed steps and/or other 
steps in a different order or manner. 
[0041] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



